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The aim of the present study was to analyze the hydrodynamic 
characteristics of a true model of a swimmer hand with the 
thumb in different positions using numerical simulation 
techniques. A three-dimensional domain was created to simulate 
the fluid flow around three models of a swimmer hand, with the 
thumb in different positions: thumb fully abducted, partially 
abducted, and adducted. These three hand models were obtained 
through computerized tomography scans of an Olympic swim-
mer hand. Steady-state computational fluid dynamics analyses 
were performed using the Fluent® code. The forces estimated in 
each of the three hand models were decomposed into drag and 
lift coefficients. Angles of attack of hand models of 0º, 45º and 
90º, with a sweep back angle of 0º were used for the calcula-
tions. The results showed that the position with the thumb ad-
ducted presented slightly higher values of drag coefficient com-
pared with thumb abducted positions. Moreover, the position 
with the thumb fully abducted allowed increasing the lift coeffi-
cient of the hand at angles of attack of 0º and 45º. These results 
suggested that, for hand models in which the lift force can play 
an important role, the abduction of the thumb may be better, 
whereas at higher angles of attack, in which the drag force is 
dominant, the adduction of the thumb may be preferable. 
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The numerical simulation technique is currently one of 
the best established numerical tools in the field of biome-
chanical engineering. This methodology has been used in 
the computational analysis of the fluid flow in several 
research fields, such as medicine, biology, industry and 
sports (e.g. Boulding et al., 2002; Dabnichki and Avital, 
2006; Guerra et al., 2007; Marshall et al., 2004). This 
numerical tool is a branch of fluid mechanics that solves 
and analyses problems involving a fluid flow by means of 
computer-based simulations. Thus, one of the major bene-
fits is to quickly answer many 'what if?' questions. It is 
possible to test many variations to seek for an optimal 
result, without human experimental testing. The user is 
able to computationally model any flow field, provided 
the geometry of the object is known and some initial flow 
conditions are prescribed. This can provide answers and 
insights into problems which have been unavailable or 
obtainable with very expensive costs (using physical or 
experimental testing techniques). As such, numerical 
simulation techniques can be seen as bridging the gap 
between theoretical and experimental fluid dynamics.  
In sports scope, the main results suggested that the 
numerical analysis could provide useful information about 
performance. Indeed, the use of numerical simulation 
techniques has produced significant improvements in 
equipment design and technique prescription in areas such 
as sailing performance (Pallis et al., 2000), Formula 1 
racing (Kellar et al., 1999) and winter sports (Dabnichki 
and Avital, 2006). In swimming, this methodology has 
been used to study the propulsive forces produced by the 
hand and forearm in swimming (Bixler and Schloder, 
1996; Gardano and Dabnichki, 2006; Lecrivain et al., 
2008; Marinho et al., 2009a; Rouboa et al., 2006; Silva et 
al., 2005) and the magnitude of drag forces resisting for-
ward motion (Marinho et al., 2008a; Silva et al., 2008; 
Zaidi et al., 2008). However, a common weakness still 
remains: practically all the models that have been devel-
oped are based on approximate analytical representations 
of the human structures and their geometrical accuracy 
has never been discussed. This approach has been com-
monly adopted, for example, to reduce the computational 
cost of memory requirements (Aritan et al., 1997). One of 
the main reasons for such limitations is the difficulty to 
design a true digital model of the human limbs. In most 
cases, the authors used two-dimensional models (Bixler 
and Schloder, 1996; Rouboa et al., 2006; Silva et al., 
2005; 2008; Zaidi et al., 2008). When three-dimensional 
models were used, these were very simple and reductive 
representations of the human limbs (Gardano and Dab-
nichki, 2006). Gardano and Dabnickki (2006) used stan-
dard geometrical solids to represent the upper limb, which 
leaded to significant differences between the human limb 
and the digital model. These differences between true and 
computed models could lead to less accurate numerical 
results (Candalai and Reddy, 1992). In fact, Candalai and 
Reddy (1992) conducted a simulation of the effect of the 
ischial tuberosity’s geometry on the shear and compres-
sive stress in buttock issue and showed that the influence 
of the geometry on the stress magnitude could be signifi-
cant. A possible variation of more than 60% in the shear 
stress was found. Despite the differences between the 
aims of the work of Candalai and Reddy (1992) and 
swimming studies, one should be aware of the ecological 
validity of the data that is obtained, stressing the rele-
vance of the scanned models instead of analytical repre-
sentations. Moreover, it should be noted that mesh gen-
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eration, the first step of numerical simulations, is a tough 
procedure, especially when solving three-dimensional 
problems. Thus, it should be based on directly obtained 
anatomical data (Aritan et al., 1997; Lecrivain et al., 
2008; Marinho et al., 2008b; Marinho et al., 2009b). 
Magnetic resonance imaging, computer tomogra-
phy scans and laser scans seem to be a good approach to 
design true human models (Aritan et al., 1997; Lecrivain 
et al., 2008; Marinho et al., 2008b; Marshall et al., 2004). 
The overall aim of this approach, also called reverse engi-
neering process, is to build a virtual model geometrically 
identical to an existing object. Scanning and data manipu-
lation are the two main parts in this process. Briefly one 
needs to gather the requisite data from a three-
dimensional object and then to edit the data and translate 
it into more suitable formats such as surface models (Le-
crivain et al., 2008). 
Using a true model of the human body it is possible 
to improve the quality of the numerical simulations tech-
niques and to provide insights into some questions that 
remain unclear in swimming technique. The thumb’s 
relative position during the underwater path of the stroke 
cycle is one of these questions. An inter-subject variety of 
thumb position can be observed among elite swimmers. 
Some swimmers maintain the thumb adducted, others 
maintain the thumb abducted and others maintain the 
thumb partially abducted. In fact, there remains much to 
be learned on the effect of thumb position and whereas 
similar results are obtained by different methods of testing 
(Takagi et al., 2001). Schleihauf (1979) showed that a 
thumb partially abducted allows higher propulsion. Ber-
ger et al. (1997) found that models with different thumb 
abduction/adduction had very little effect on drag forces 
but an effect on lift forces. Takagi et al. (2001) reported 
that adduction and abduction of the thumb influenced the 
lift force. The thumb abducted seemed to be advantageous 
for generating lift force when the thumb is the leading 
edge and the thumb adducted seemed to be advantageous 
when the little finger leads the motion (Takagi et al., 
2001). To our knowledge, there is no research published 
using a numerical approach on the repercussion of thumb 
abduction/adduction and with anthropometrical data of 
elite swimmers’ hand. 
Therefore, the aim of the present study was to 
analyze the hydrodynamic characteristics of a true model 
of a swimmer hand with the thumb in different positions 







Cross-sectional scans of the right hand were obtained 
using a Toshiba® Aquilion 4 computer tomography scan-
ner, using a configuration of V2.04 ER001. The subject 
was an Olympic level male swimmer, who participated in 
the 2004 Olympic Games in Athens. The subject was 
lying with his right arm extended upwards and fully pro-
nated and with the thumb in three positions: fully ab-
ducted, partially abducted and adducted (Figure 1). In the 
position with the thumb fully abducted the angle between 
the forefinger and the thumb was 68º and in the position 
with the thumb partially abducted the angle between these 
two fingers was 30º. The hand length, the palm length and 
the hand breadth of the swimmer were 20.20 cm, 9.50 cm 
and 8.90 cm, respectively. This protocol has been ap-
proved by the appropriate ethical committee of the institu-
tion in which it was performed and the subject gave in-





Figure 1. The models of the hand with the thumb in different 
positions: fully abducted, partially abducted and adducted. 
 
Data manipulation 
The transformation of the values from the computer to-
mography scans into nodal coordinates in an appropriate 
coordinate system demands the use of image processing 
techniques. The image processing program used in this 
study was the Anatomics Pro®, which allowed obtaining 
the boundaries of the human segments, creating a three-
dimensional reconstruction of the swimmer hand.  
At first, before processing and converting proce-
dures the data was prepared, namely by observing the 
computer tomography data and erasing the non-relevant 
parts of the anatomical model. This step was also con-
ducted using the software FreeForm Sensable®. Finally, 
the data was converted into an IGES format (*.igs), that 
could be read by Gambit/Fluent® to define the finite ele-
ments approach through the three-dimensional surfaces 





Figure 2. The model of the hand with the thumb fully ab-
ducted inside the domain (Angle of attack = 0º, Sweepback 
angle = 0º). 
 
Computational fluid dynamics 
Most computational fluid dynamics procedures are di-
vided   into   three   successive   stages:   pre-processing, 
simulation and post-processing. The pre-processing stage 
involves creating a computational domain where the flow 
simulation occurs, bounding it with external conditions 




and discretising it into an adequate mesh grid. The solu-
tion of the flow problem is defined at nodes inside each 
cell. The accuracy of a solution and its cost in terms of 
necessary computer memory and calculation time are 
dependent on the quality of the grid. Optimal meshes are 
often non-uniform: finer in areas of high pressure and 
velocity gradients and coarser in areas with relatively 
little change. The simulation is performed through an 
iterative algorithm until convergence. The variables of 
interest (for instance, the hydrodynamic forces) are then 
extracted from the computed flow field (Lecrivain et al., 




The whole domain was meshed with 200.000 cells. The 
grid was a hybrid mesh composed of prisms and pyra-
mids. Adaptive meshing was used to achieve optimum 
mesh refinement. Thus, significant efforts were conducted 
to ensure that the model would provide accurate results by 
decreasing the grid node separation in areas of high pres-
sure and velocity gradients.  
 
Solving steady flow 
The numerical simulations of a three-dimensional model 
of a swimmer hand were analyzed under steady flow 
conditions using the Fluent® code. The hydrodynamic 
fluid forces produced by the hand, lift (L) and drag (D), 
were computed in this study. These forces are functions of 
the fluid velocity, being determined by the application of 








1L ρ=     (2) 
 
In equations 1 and 2, V is the water velocity, CD 
and CL are the drag and lift coefficients, respectively, ρ is 
the fluid density and A is the projection area of the model 
for different angles of attack used in this study. Drag 
force is defined as the force acting parallel to the flow 






Figure 3. The angle of attack (Schleihauf, 1979). The arrow 
represents the direction of the flow. 
 
The angle between the hand and the flow direction 
is defined as the angle of attack (Figure 3) and the leading 
edge of the hand relative to the flow is the sweep back 
angle (Figure 4). Angles of attack of hand models of 0º, 
45º and 90º, with a sweep back angle of 0º (thumb as the 
leading edge) were used for the calculations (Schleihauf, 
1979). The measured forces on the hand models were 
decomposed into drag (CD) and lift (CL) coefficients, 
using equations 1 and 2 and the resultant drag coefficient 
was calculated by the sum of CD and CL, using the Py-






Figure 4. The sweep back angle (Schleihauf, 1979). The 
arrows represent the direction of the flow. 
 
On the left side of the domain access (Figure 2), 
the x component of the velocity was chosen to be within 
the range of typical hand velocities during front crawl 
swimming underwater path: from 0.50 m·s-1  to 4.00 m·s-1, 
with 0.50 m·s-1 increments (Lauder et al., 2001; Rouboa et 
al., 2006). The y and z components of the velocity were 
assumed to be equal to zero. On the right side, the pres-
sure was equal to 1 atm, a fundamental pre requisite to 
prevent the reflection of the flow. Around the model, the 
three components of the velocity were considered equal to 
zero to allow the adhesion of the fluid to the model. It was 
also considered the action of the gravity force (g = 9.81 
m·s-2), as well as the turbulence percentage of 1% with 
0.10 m of length (Bixler and Riewald, 2002; Marinho et 
al., 2008a). The considered fluid was water, incompressi-
ble with density (ρ = 996.6 x 10-9 kg·mm-3) and viscosity 
(µ = 8.571 x 10-7 kg/mm/s).  
The incompressible Reynolds averaged Navier-
Stokes equations with the standard k-epsilon (k-ε) model 
was considered and implemented in the commercial code 




In Figures 5, 6 and 7 the evolution of the values of CD and 
CL according to flow velocity and angle of attack for each 
thumb position are presented. For the three thumb posi-
tions, CD and CL remained almost constant throughout the 
flow velocities tested (0.50-4.0 m·s-1). However, it was 
possible to note a slightly decrease in the force coeffi-
cients, especially from 0.50 to 1.50 m·s-1. 
In Figures 8 and 9 the values of CD and CL ob-
tained for the different angles of attack and for the differ-
ent thumb positions are presented for a flow velocity of 
2.0 m·s-1. 
It is possible to notice that the values of the CD in-
creased with the angle of attack. Indeed, the maximum 
value of CD was produced at an angle of attack of 90º, 
presenting  a  value  of  about   1.0  in  the  three   models.  








Figure 5. Drag and lift coefficients vs. flow velocity for each angle of attack in the position with the thumb fully abducted.  
 
Moreover, the values of CD were almost similar in the 
three different thumb positions, although the position with 
the thumb adducted presented slightly higher values at 0º, 
45º and 90º.  
The CL presented the maximum values at an angle 
of attack of 45º (CL ≈ 0.6). The values of CL at angles of 
attack of 0º and 90º seemed to be identical (CL ≈ 0.15). 
Further, the position with the thumb fully abducted and 
with the thumb partially abducted presented higher values 
of CL when compared with the thumb adducted position at 
angles of attack of 0º and 45º. Nevertheless, the position 
with the thumb fully abducted presented higher values 
when compared with the thumb partially abducted posi-
tion at 0º and 45º. At an angle of attack of 90º the values 
of CL were identical irrespective of the thumb position.  
When analyzing the resultant force coefficient 
(Figure 10), one can note that the position with the thumb 
abducted presented higher values than the positions with 
the thumb partially abducted and adducted at angles of 
attack of 0º and 45º. However, at an angle of attack of 90º 
the position with the thumb adducted presented the high-




The aim of the present study was to analyze the 
hydrodynamic characteristics of a true model of a 
swimmer hand with the thumb in different positions using 
numerical simulation techniques.  
In this research we tried to improve the previous 
studies that applied the numerical techniques to the analy-
sis of swimming propulsion, using a more realistic model 
of the swimmer hand. Indeed, the computer tomography 
scans allowed the creation of a complete and true digital 
anatomic model of a swimmer hand (Aritan et al., 1997). 
One of the major benefits of the numerical simula-
tion procedures is that it allows the user to modify the 
inputs into the model to determine how its changes affect 
the resultant flow conditions. Regarding swimming, 





Figure 6. Drag and lift coefficients vs. flow velocity for each angle of attack in the position with the thumb partially abducted. 







Figure 7. Drag and lift coefficients vs. flow velocity for each angle of attack in the position with the thumb adducted. 
 
rather than the “trial and error” approach that typically is 
used. In this work we have analysed the hydrodynamic 
forces produced by the swimmer hand with the thumb in 





Figure 8. Values of drag coefficient obtained for the differ-
ent angles of attack and for the different thumb positions. 
Sweepback angle = 0º and flow velocity = 2.0 m·s-1. 
 
For the three thumb positions, the CD and CL 
remained almost constant throughout the flow velocities 
that were tested. A similar observation was already re-
ported in other numerical studies (Alves et al., 2007; 
Bixler and Riewald, 2002; Rouboa et al., 2006; Silva et 
al., 2005). However, in the present study, a slightly de-
crease in the CD and CL were noted, especially from 0.50 
to 1.50 m·s-1. Berger et al. (1995) and Bixler and Riewald 
(2002) observed a similar tendency for lower velocities, 
in a towing tank experiment and using numerical tech-
niques, respectively. For lower velocities, a very small 
decrease in the force coefficients values occurred with the 
velocity increase. However, from a practical standpoint, 
the coefficients were considered constant since the forces 






Figure 9. Values of lift coefficient obtained for the different 
angles of attack and for the different thumb positions. 
Sweepback angle = 0º and flow velocity = 2.0 m·s-1. 
 
The values of CD produced by the swimmer hand 
were very similar concerning the three thumb positions. 
However, the position with the thumb adducted presented 
slightly higher values at the angles of attack tested in this 
study. Moreover, the values of CL changed with the 
thumb position at angles of attack of 0º and 45º, although 
at an angle of attack of 90º the values of the different 
thumb positions were identical. At 0º and 45º, the position 
with the thumb fully abducted presented the highest val-
ues of CL. 
Schleihauf (1979) studied the changes in the values 
of CL as a function of the thumb position (thumb 100% 
abducted, 75% abducted and 50% abducted). However 
the authors did not study the CD nor the position with the 
thumb adducted. In the study of Schleihauf (1979), the 
position   with   the   thumb   fully   abducted   showed   a  




maximum CL at an acute angle of attack of 15º, whereas 
the models with partial thumb abduction showed a maxi-
mum value of CL at higher angles of attack (45º-60º). In 
these angles of attack the position with the thumb par-
tially abducted presented higher values when compared 
with the thumb fully abducted. Berger et al. (1997) re-
ported that the thumb position determined lift forces, 
although the drag forces were not influenced by thumb 
abduction/adduction. Moreover, Takagi et al. (2001) es-
timated the drag and lift forces from direct measurement 
of pressure differences between the front and back of the 
hand in a resin model with the thumb abducted and ad-
ducted. The experimental results revealed that the thumb 
position influenced the fluid force over the entire hand, 
especially in the lift force. For a sweep back angle of 0º 
(as used in the present study), the model with abducted 
thumb seemed to be advantageous for generating lift 
force, whereas for a sweep back angle of 180º (the little 
finger as the leading edge), the adducted thumb seemed 
preferable. However, in the study of Takagi et al. (2001), 
the CD presented similar values in the two thumb position 
for a sweep back angle of 0º. For a sweep back angle of 
180º, the position with the thumb adducted presented 






Figure 10. Values of the resultant force coefficient obtained 
for the different angles of attack and for the different thumb 
positions. Sweepback angle = 0º and flow velocity = 2.0 m·s-1. 
 
Although some differences in the results of differ-
ent studies, it seems that when the thumb leads the motion 
(sweep back angle of 0º) a hand position with the thumb 
abducted into the plane of the hand would be preferable to 
an adducted thumb position. In this case, it is possible to 
suggest that during the insweep phase of the underwater 
path in butterfly, breaststroke and front crawl techniques 
and in the upsweep phase of backstroke technique the 
position with the thumb abducted could be gainful for 
swimmers. On the other hand, based only on the study of 
Takagi et al. (2001), when the little finger leads the mo-
tion (sweep back angle of 180º), during the outsweep 
phase of butterfly and breaststroke, and some parts of the 
downsweep phase in backstroke and upsweep in front 
crawl, the position with the thumb adducted seemed pref-
erable. A possible explanation may be related to the 
change in the flow around the hand due to the thumb 
position: the lift force is enhanced by a pressure increase 
on the palm and a pressure decrease on the back of the 
hand (Colwin, 1992; Takagi et al., 2001).  
In the present study only the sweep back angle of 
0º was analyzed. Thus these technical implications must 
be taken with serious concerns. In fact, further studies are 
warranted to analyze the thumb position with different 
sweep back angles and for a higher range of angles of 
attack. In addition, one should be careful to generalize 
these results since each swimmer has a different hand 
shape and the main findings could vary between different 
subjects. However, it seems that the thumb position may 
play an important role in optimizing swimming technique. 
When analyzing the resultant force coefficient, we found 
that the position with the thumb abducted presented 
higher values than the positions with the thumb partially 
abducted and adducted at angles of attack of 0º and 45º. 
At an angle of attack of 90º the position with the thumb 
adducted presented the highest value of resultant force 
coefficient. These data seem to corroborate previous find-
ings abovementioned. For hand positions in which the lift 
force can play an important role (Figures 5, 6 and 7) the 
abduction of the thumb may be benefic for swimmers. In 
addition, at higher angles of attack, in which the drag 
force is dominant, the adduction of the thumb may be 
preferable. The resultant force coefficient data showed 
that the largest values were produced when the angle of 
attack was 90º. Sanders (1997) found that the largest 
resultant forces were produced when the hand had around 
90º of attack regardless of sweep back angle. These re-
sults are interesting in light of observations that swim-
mers use sculling motions rather than pulling the hand 
directly opposite the desired direction of motion with 
angles of attack near 90º to improve the movement effi-
ciency (Sanders, 1999). On the other hand, it remains the 
question whereas this resultant force can be used to propel 
into the desired direction. Thus, in the future it seems 
important to analyze the effective propulsive force pro-
duced by the swimmer hand during the underwater path.  
In all the thumb positions the CD obtained the 
highest value at an angle of attack of 90º, i.e., where the 
hand plane was directly perpendicular to the direction of 
the flow. The same result was reported by others using 
experimental (Berger et al., 1995; Sanders, 1999) and 
numerical approaches (Alves et al., 2007; Rouboa et al., 
2006), indicating the contribution of the hand surface area 
to the CD increase. 
The CL seemed to have a residual influence in the 
generation of propulsive force by the hand for angles of 
attack of 0º and 90º, but it is important at an angle of 
attack of 45º. These findings are similar to those found in 
experimental (Berger et al., 1995; Sanders, 1999; Schlei-
hauf, 1979; Wood, 1977) and numerical studies (Alves et 
al., 2007; Bixler and Riewald, 2002), reporting the impor-
tant role of lift force to the overall propulsive force pro-
duction by the hand in underwater phases of swimming 
strokes when the angle of attack nears 45º (e.g. insweep 
phase). In fact, although the CD and CL were very similar 
in the three thumb positions at angles of attack of 0º and 
45º, it was possible to observe that for the positions with 
the thumb fully abducted and partially abducted the CL 




presented higher values than CD at an angle of attack of 
45º. Thus, it seems essential to reinforce the need to ana-
lyze a larger range of angles of attack and sweep back 
angles, trying to clarify the true importance of the lift 
force to the propulsive force production. Lift force plays 
an important role at other angles of attack rather than the 
45º, as reported by Schleihauf (1979) at an angle of attack 
of 15º and by Sanders (1999) at sweep back angles rather 
than 0º. 
In the present study, despite the fact that only the 
drag and lift coefficients under steady flow conditions 
were modelled, we do consider that the numerical ap-
proach that was conducted is highly satisfactory. Firstly, 
the use of a true three-dimensional model of a swimmer 
hand seemed to be an important step to the convergence 
between the experimental and the computational data. 
Secondly, it was possible to vary the thumb position and 
to investigate the effect on the CD and CL produced by the 
swimmer hand. Nevertheless, this line of research must be 
improved considering the unsteady effects of motion, 
such as accelerations, decelerations and rotation of the 
propelling segments. Indeed, Sanders (1999), Berger et al. 
(1999) and Rouboa et al. (2006) showed that unsteady and 
steady motion can lead to different results, concluding 
that the unsteady effects should be considered when seek-
ing accurate estimates of forces in swimming. Hence, the 
effect of the thumb position on the hydrodynamic charac-
teristics of the swimmer hand must be further investigated 
performing time-dependent numerical analysis with user-




The position with the thumb adducted presented slightly 
higher values of drag coefficient when compared with the 
positions with the thumb abducted (although values were 
very similar). Moreover, the position with the thumb fully 
abducted allowed increasing the lift coefficient of the 
hand at angles of attack of 0º and 45º. At an angle of 
attack of 90º the values of lift coefficient were identical 
irrespective of the thumb position.  
The combination of drag and lift coefficient (resul-
tant force coefficient) showed that the position with the 
thumb fully abducted presented higher values than the 
positions with the thumb partially abducted and adducted 
at angles of attack of 0º and 45º. However, at an angle of 
attack of 90º the position with the thumb adducted pre-
sented the highest value of resultant force coefficient. 
These results suggested that for hand positions in which 
the lift force can play an important role the abduction of 
the thumb may be benefic whereas at higher angles of 
attack, in which the drag force is dominant, the adduction 
of the thumb may be preferable for swimmers.  
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• Numerical simulation techniques can provide an-
swers to problems which have been unobtainable us-
ing experimental methods. 
• The computer tomography scans allowed the crea-
tion of a complete and true digital anatomic model 
of a swimmer hand. 
• The position with the thumb adducted presented 
slightly higher values of drag coefficient than the 
positions with the thumb abducted. 
• The position with the thumb fully abducted allowed 
increasing the lift coefficient of the hand at angles of 
attack of 0 and 45 degrees.  
• For hand positions in which the lift force can play an 
important role the abduction of the thumb may be 
better whereas at higher angles of attack, in which 
the drag force is dominant, the adduction of the 
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The numerical simulation techniques methodology consists of a mathematical model applied to the fluid flow in a given 
domain that replaces the complex Navier-Stokes fluid flow equations with discretized algebraic expressions. These 
equations can be solved by iterative calculations. The Fluent® code was used to develop and solve these equations using 
the finite volume approach, where the equations are integrated over each control volume. Accordingly, the continuity 
equation, the momentum conservation equations and the turbulent and dissipated energy (k-ε) conservation equations 
(for an incompressible fluid in Cartesian coordinates) were written in a conservative form as: 
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Where k is the turbulent kinetic energy and ε is the turbulent kinetic energy dissipation ratio. Vx, Vy and Vz represent the x, y and z 
components of the V. µt is the turbulent viscosity and ρ represents the fluid density. υ is the kinematic viscosity, Ф  i s the pressure 
strain, C2, Cµ, σε and σk are model constants, 1.92, 0.09, 1.30 and 1.00, respectively (Silva et al., 2008). 
 
